The urgent need for more effective analgesic treatment options has prompted a re-evaluation of the behavioral tests used to assess pain in pre-clinical research, with an emphasis on inclusion of more voluntary, un-evoked behavioral assessments of pain. In order to validate voluntary gait analysis and a voluntary mechanical conflict-avoidance assay, we tested mouse models of neuropathy (spared nerve injury) and inflammation (complete Freund's adjuvant) alongside reflexive measures of mechanical and thermal hypersensitivity. To establish whether the observed changes in behavioral responses were painrelated, known analgesics (buprenorphine, gabapentin, carprofen) were also administered. Spared nerve injury persistently altered several gait indices, whereas complete Freund's adjuvant caused only transient changes. Furthermore, known analgesics could not reverse these gait changes, despite demonstrating their previously established efficacy in reflexive measures of mechanical and thermal hypersensitivity. In contrast, the mechanical conflict-avoidance assay demonstrated aversion in mice with neuropathy and inflammation-induced hypersensitivity, which could both be reversed by analgesics. We conclude that voluntary gait changes in rodent neuropathic and inflammatory pain models are not necessarily indicative of pain-related adaptations. On the other hand, mechanical conflict-avoidance represents a valid operant assay for quantifying pain-related behaviors in mice that can be reversed by known analgesics.
Introduction
Chronic pain in humans is a complex sensory and affective experience. A shift in pain-detection threshold and hypersensitivity to thermal/mechanical stimuli are key components of this experience. Historically, these aspects of stimulus-evoked assessment of pain-related behaviors -such as Hargreaves' and von Frey filamentbased assessment of thermal and mechanical sensitivity (Hargreaves et al., 1988; Chaplan et al., 1994) , tail-flick, paw flinching, licking/biting and guarding assessments (Cargill et al., 1985; Seltzer et al., 1990; Wheeler-Aceto et al., 1990 ) -have primarily been detected and quantified in preclinical animal models of painful pathologies. However, the ongoing failure to develop efficacious, new-generation analgesic drugs has led to a re-evaluation of the field's reliance on these evoked and/or reflexive assessments of pain-related behaviors in preclinical animal models (Mao, 2009; Berge, 2011; Percie du Sert and Rice, 2014; Clark, 2016) .
In recent years in the area of pain research, newer assays of pain in rodent models, such as wheel running, burrowing, gait, ultrasonic vocalization, conditioned place preference etc. have been developed (Vrinten and Hamers, 2003; Li et al., 2004; Williams et al., 2008; King et al., 2009; Truin et al., 2009; Kurejova et al., 2010; Mogil et al., 2010; Andrews et al., 2012; Cobos et al., 2012; Huehnchen et al., 2013; Parvathy and Masocha, 2013; Ruan et al., 2013; Chiang et al., 2014; Muramatsu et al., 2014; Rutten et al., 2014; Sahbaie et al., 2014; Gould et al., 2016; Pitzer et al., 2016; Wodarski et al., 2016; Sheahan et al., 2017; Sugiyama et al., 2017) in an effort to improve the translational potential of preclinical findings (Barrot, 2012; Tappe-Theodor and Kuner, 2014; Clark, 2016) . However, most of these newer and operant-based assays haven't shown universality across different pain types, such as inflammatory, neuropathic, and specific disease-related. In addition, while extensively tested, the added complexity of drug conditioning/addictive behavioral components, such as in conditioned place preference (Porreca and Navratilova, 2017 ) has led to questions on what facets of painrelated behavioral alterations are being measured in rodents. Therefore, it is vital to establish whether these newer measures of pain are capable of detecting quantifiable behavioral changes and/or adaptations that are unequivocally pain-related, as well as develop and validate newer methods to obtain such outcomes. One way to do this is to test an assay with well-established analgesic compounds, at appropriate doses, as positive controls.
Our study evaluated voluntary changes in gait and mechanical conflict-avoidance in a representative rodent model of neuropathic pain: spared nerve injury e SNI (Decosterd and Woolf, 2000) , and inflammatory pain: complete Freund's Adjuvant e CFA (Larson et al., 1986 ). While we observed sustained changes in several voluntary gait indices in SNI mice, the effects of CFA administration on gait patterns were much less drastic and more transient. Furthermore, administration of the opioid buprenorphine (Christoph et al., 2005) , gabapentin (Decosterd et al., 2004) or the NSAID carprofen (Adamson et al., 2010; Smeester et al., 2017) did not alter SNI or CFA-induced gait changes, respectively. This was despite these drugs being administered at doses shown to be effective in the more classical, evoked assays of hypersensitivity (von Frey testing for SNI, and von Frey and Hargreaves for CFA). In contrast, the voluntary mechanical conflict-avoidance (MCA) test did show significant SNI-and CFA-induced aversion behaviors, which were reversed by the same sets of well-established analgesics. Our findings suggest that gait data and specific changes in paw imaging-based gait indices must be analyzed carefully in rodent models of painful pathologies. Also, any alterations in gait should be validated with proven analgesic drugs at recommended doses. On the other hand, the MCA test constitutes a promising operant assay for quantifying pain-related behaviors in mice with pathologies that could be potentially painful.
Materials and methods

Mice
All experiments and procedures were approved by the Institutional Animal Care and Use Committee of Washington University School of Medicine, and in accordance with the NIH Guide for the Care and Use of Laboratory Animals. Every effort was made to minimize the number of mice used and their suffering. 8-14 weekold mice were group-housed (5 per cage) and maintained on a 12:12 light/dark cycle (06:00 to 18:00 h) with access to food and water ad libitum. Age-matched male and female C57BL/6J mice were purchased from Jackson Labs. Based on our preliminary findings on no differences in the behavioral readouts in male versus female mice using the assays utilized in this study, mice of each sex were used in all the experiments performed.
Spared nerve injury (SNI)
The surgical procedure for the SNI-induced model of neuropathic pain was performed as described previously (Decosterd and Woolf, 2000; Decosterd et al., 2002) . Mice were anesthetized with 2% isoflurane and the left hind limb was clipped of fur and appropriately disinfected. A 10e15 mm incision was made in the skin proximal to the knee, such that the biceps femoris muscle was accessible. Separation of the muscle allowed visualization of the trifurcation of the sciatic nerve. The common peroneal and tibial branches were ligated with 6-0 silk suture, and 1 mm of nerve was excised distal to the ligature, leaving the sural branch intact. Following wound closure and post-operative analgesia, mice were monitored for signs of distress and allowed to fully recover in a cage placed on a heating pad prior to return to the home cage. The sham operation procedure omitted the ligation and severing of the peroneal and tibial branches of the sciatic nerve, but was otherwise identical. Behavioral testing of these animals began on postoperative day 5, and wound clips were removed from the healed incision after testing was complete on post-operative day 7. Experimenters were blinded to mouse sex and sham/surgery conditions during experimental data collection/recording and subsequent analysis.
Complete Freund's adjuvant (CFA) injection
Intraplantar (i.pl.) injection of Complete Freund's Adjuvant was performed as described previously (Larson et al., 1986; Shutov et al., 2016) . Mice were restrained with the aid of a cloth held in one hand, such that the plantar surface of the hindpaw to be injected could be exposed and held in place while minimizing distress. 10 ml of sterile saline (as a control), or 1 mg/ml CFA (10 mg; MilliporeSigma, St.
Louis, MO) was injected into the plantar surface of the hindpaw with a 30-gauge needle coupled to a Hamilton syringe. Experimenters were blinded to mouse sex, details of injected agents, and injection laterality during experimental data collection/recording and subsequent analysis.
Digital gait analysis
Analysis of voluntary footfall and gait patterns in mice was performed using the Catwalk ® XT 10.5 system (Noldus Information Technology, Leesburg VA) as described in several reports (Vrinten and Hamers, 2003; Truin et al., 2009; Mogil et al., 2010; Huehnchen et al., 2013; Parvathy and Masocha, 2013; Ruan et al., 2013; Chiang et al., 2014; Muramatsu et al., 2014; Pitzer et al., 2016) . Briefly, green light is internally reflected into a 130 Â 7 cm pane of glass, covered by an enclosed tunnel with a red backlight. A high-speed video camera looking upward beneath the glass pane detects green light only when paws contact the glass as the mouse freely traverses the tunnel (entering from one side of the camera's field of view and exiting at the other end is considered a single 'run'). The acquisition settings were as follows: each trial was composed of four runs per mouse, in which the camera gain was set to 15 dB, green light intensity threshold was 0.06 (arbitrary units). The criteria for a compliant run across the camera's field of view were: run duration between 0.5 and 5 s, and the maximum variation in run speed was not more than 60%. These criteria were empirically determined to be optimal for exclusion of runs where mice crossed the field of view in an atypical fashion, such as extreme alteration in speed, stopping/restarting of walking, etc. Any runs that did not satisfy these criteria were deemed noncompliant and were excluded from analysis. The day prior to baseline testing, mice were habituated to the testing room and apparatus for 30 and 15 min, respectively. All mice used were able to complete four compliant runs, and no mice were excluded from analysis. All habituation and testing was always performed between 09:00 and 12:00 h. The gait indices that are reported in this manuscript are defined as follows: -Stand Duration: the average length of time that the paw is making contact with the glass, expressed as a ratio of the ipsilateral to contralateral hind limb values. -Stand Index: a measure of the rate at which the paw loses contact with the glass, expressed as a ratio of the ipsilateral to contralateral hind limb values. In addition, a number of other gait parameters, such as paw angle, paw angle variability etc. were found not to be different in all animals, irrespective of the type and duration of induced pathological conditions, and therefore are not detailed here.
Mechanical sensitivity with von frey filament testing
Mechanical sensitivity of mouse hindpaws was assessed as described in numerous prior reports (Mickle et al., 2015) . Animals were acclimated to the testing room and apparatus for 30 min each on the two days prior to the beginning of testing, as well as on each subsequent testing day. Mechanical sensitivity was assessed using 8 von Frey monofilaments of increasing thickness/strength (0.04e2 g; North Coast Medical Inc., Gilroy, CA). Each mouse was housed in a Plexiglas box on a wire mesh platform for 30 min prior to testing. Beginning with the thinnest filament (0.04 g); each filament was presented to each hindpaw a total of five times. The filament was allowed to flex once making contact with the plantar surface of the hindpaw, and held in place for 1 s. The interval between presentation of the filament was !5 s, or until behavior evoked by presentation of the filament had ceased. The number of withdrawal responses was recorded for each hindpaw across all 8 filaments (with a !5-min interval between testing of any one mouse with a particular filament). This filament-response plot was used to generate an area under the curve (AUC) value for each hindpaw, as detailed earlier (Mickle et al., 2015) , and provides a total measure of paw withdrawal response sensitivity across the entire range of testing filaments.
Heat sensitivity testing with Hargreaves' procedure
Thermal sensitivity of mouse hindpaws was assessed as described previously (Loo et al., 2012; Mickle et al., 2015) . Animals were acclimated to the testing room and apparatus for 30 min each on the two days prior to the beginning of testing, as well as on each subsequent days of testing. Each mouse was placed inside singleoccupancy Plexiglas chambers placed on top of a raised pane of glass maintained at a constant thermo-neutral temperature (30 C). The thermal sensitivity of each hindpaw was measured by focusing a beam of light from below, onto the plantar surface of the hindpaw (IITC Life Science Inc., Woodland Hills, CA). The latency to paw withdrawal from the heat source was recorded as paw withdrawal latency (PWL), measured in seconds. The light intensity is calibrated to elicit typical PWL values of 10e14 s in naïve mice. The beam of light automatically shuts off at 20 s, to avoid any potential tissue injury due to overheating. If a hindpaw was not withdrawn within 20 s, a PWL value of 20 s was assigned. The mean of two PWL values, recorded !5 min apart for each hindpaw, are used for analysis.
Mechanical conflict-avoidance (MCA) assay
Voluntary mechanical conflict-avoidance was assessed using a variation of a recently-described Coy mechanical conflictavoidance system approach (Harte et al., 2016) , which is itself a modification of the place escape/avoidance paradigm (LaBuda and Fuchs, 2000a; 2000b) . The MCA apparatus consists of three chambers, the details of which are depicted in the Supplementary  Fig. S1 . If necessary, the authors can be contacted for further details regarding fabrication. Chamber-1 is a 12.5 cm 3 white Plexiglas box lit from above with white light emitting diodes (LEDs). The LEDs provide an illuminance of approximately 4800 lux, serving as a mildly aversive stimulus in order to encourage mouse 'escape' into the unlit chambers. This white-lit chamber is separated from the rest of the unit by a movable barrier. Chamber-2 is the 27 cmlong mechanical conflict test chamber (unlit red Plexiglas) connecting chambers 1 and 3. Chamber-3 is a 12.5 cm 3 translucent red Plexiglas box (unlit) at the opposite end to chamber-1. The floor of the central conflict test chamber is fitted with an adjustable 13 Â 31 grid of blunt~0.5 mm diameter probes, the effective height of which can be adjusted from 0 to 5 mm within the chamber. Mice were acclimated to the MCA unit for 5 min on the day of testing with the LEDs switched off, the barrier door open and the mechanical probe height set to zero. For testing, mice were placed into chamber 1 with the barrier to the rest of the unit in position. The LEDs were switched on after 10 s, and the barrier was removed 20 s thereafter. The behavior of each mouse, starting from introduction into chamber 1, until the mouse crossed the halfway point of chamber 2, was monitored by videotaping. There were two main reasons why we chose to use crossing the midpoint of chamber-2 as our experimental outcome measure. First, in our preliminary assessments 3 of 24 mice tested returned to chamber-1 before crossing the midpoint of chamber-2 during the 120 s cutoff, and were eliminated from subsequent testing. All remaining mice completed crossing the chamber-2 after crossing its midpoint. Second, we observed that mice varied the speed at which they crossed the conflict chamber, presumably because of the aversive nature of the mechanical stimulus. Despite this, the values obtained when using entry into chamber 3 as the endpoint (i.e. completing the crossing of chamber-2) show very similar data to that shown in Fig. 6C ( Supplementary Fig. S6B ), suggesting that either measure is a useful readout of mechanical conflict-avoidance. Therefore, the duration between the barrier opening and the mouse crossing the midpoint of chamber-2 was quantified and expressed as 'escape latency.' After running all mice in a particular cohort at a probe height of 0 mm, the process was repeated with the probe height set to 2 mm, and finally 5 mm.
Drugs
Buprenorphine hydrochloride (Tocris Bioscience, Bristol, UK) was administered to sham and SNI surgery animals intraperitoneally (i.p.) at 25 mg/kg starting 1 h before behavioral testing on postoperative days 8 and 11. Gabapentin (MilliporeSigma, St. Louis, MO) was administered to sham and SNI surgery animals at 30 mg/kg i.p. 1 h prior to testing on post-operative days 11 and 20, and carprofen (Zoetis, Inc., Kalamazoo, MI) was administered Saline and CFAinjected animals at 5 mg/kg i.p., starting 1 h prior to testing on days 2, 4 and 5 following saline/CFA injection. Drugs were dissolved in sterile saline to achieve final concentration. Control animals received equivalent volume of sterile saline administration (i.p.) as vehicle groups. These effective drug doses are derived from studies showing the effective dose of these drugs that attenuate painrelated behaviors in rodents with specific pain pathologies (Decosterd et al., 2004; Christoph et al., 2005; Adamson et al., 2010; Smeester et al., 2017) .
Statistical analysis
Data are presented as mean ± SEM. Two-way ANOVA with Bonferroni's multiple comparisons test was performed. P < 0.05 for each comparison group was considered statistically significant. All analysis was performed using GraphPad Prism 7.0 (GraphPad Software, Inc.).
Results
Sustained alterations in gait indices in mice with nerve injury/ neuropathy
With the aim of assessing and defining non-reflexive voluntary Fig. 1 . Nerve injury/neuropathy-induced changes in hindpaw gait parameters in mice. (A) Cartoon depicting the experimental protocol for the acquisition of gait indices in mice, before (baseline 1 and 2 e denoted 'BL1' and 'BL2') and after the induction of spared nerve injury (SNI). (B-F) Changes in mouse hindpaw gait indices, stand duration (B), maximum contact area (C), print area (D), mean intensity (E), and swing duration (F) were observed in mice subjected to SNI, as compared to sham-operated mice. Data in panels B-F are plotted as the ratio of individual gait indices in ipsilateral (right) vs contralateral (left) hindpaws; mean ± SEM (sham n ¼ 6; SNI n ¼ 7). ** denotes p < 0.01, *** denotes p < 0.001, and 'ns' denotes not significant, compared to the respective time points in sham-operated group (two-way ANOVA with Bonferroni's post-hoc correction). Data for additional gait indices are shown in Supplementary Fig. S2 .
pain-related behaviors in mice with neuropathic conditions, we performed automated digital gait analysis using the CatWalk ® system. A number or previous studies have utilized gait analysis as an indicator of pain behaviors in mice that are subjected to neuropathic conditions (Truin et al., 2009; Mogil et al., 2010; Huehnchen et al., 2013; Chiang et al., 2014; Pitzer et al., 2016) . Mice that were subjected to nerve injury/neuropathy by SNI exhibited significant changes in several gait indices/parameters on ipsilateral hindpaws, compared to sham-operated control animals, starting 5 days post-SNI, which persisted for the remainder of the experimental duration (Fig. 1, and Supplementary Fig. S2 ). Specifically, there was a significant decrease in stand duration, without any change in the stand index (Fig. 1B, and Supplementary Fig. S2 ). Also, sustained decreases were observed in the maximum/mean intensity at the point of peak of paw contact, with a concomitant decrease in the maximal contact area of ipsilateral hindpaws of SNI mice (Fig. 1C, and Supplementary Fig. S2 ). Accordingly, a significant reduction in the length and width of ipsilateral hindpaw prints were observed in SNI mice, which contributes to an overall decrease in the paw print area (Fig. 1D , and Supplementary Fig. S2 ).
Furthermore, the maximal and mean intensities in ipsilateral hindpaws of SNI mice were significantly reduced over the entire stand phase (Fig. 1E, and Supplementary Fig. S2 ). On the other hand, a significant increase in the swing duration was observed in the ipsilateral hindpaws of SNI mice, with a reciprocal decrease in swing speed (Fig. 1F, and Supplementary Fig. S2 ). However, no changes were observed in the stride length and step cycle of the ipsilateral hindpaws of SNI mice, as well as in run speed and variability ( Supplementary Fig. S2 ). To summarize these changes in gait parameters: 1) The lack of any changes in stride length, step cycle, run speed and maximal run variability indicates that mice with SNI show no gross deficit in their ability and speed of voluntary walking, as well as walking step cycle; 2) decreases in stand duration and associated parameters such as maximal and mean paw intensities, paw print length, width and area in the ipsilateral hindpaws of SNI mice indicate an overall decrease in the degree and duration of weight-bearing by the affected paw; and 3) the increase in swing duration, along with a decrease in swing speed of the ipsilateral hindpaws of SNI mice indicate that the affected paw remains off the ground for a longer duration. ) hindpaws; mean ± SEM (Sham þ Buprenorphine n ¼ 6; SNI þ Saline/SNI þ Buprenorphine n ¼ 7/group). *** denotes p < 0.001, and 'ns' denotes not significant, compared to the respective time points in the sham-operated group; and not significant for SNI þ buprenorphine group, compared to the respective time point in SNI þ saline group (two-way ANOVA with Bonferroni's post-hoc correction). (B) Administration of buprenorphine (25 mg/kg; i.p.) led to complete attenuation of hindpaw mechanical hypersensitivity in SNI mice. Mice were tested 1.5 h post saline/buprenorphine administration. Data are presented as mean ± SEM of area under the curve calculated from von Frey filament strength e paw withdrawal response frequency curves for each mouse hindpaw (Sham þ Buprenorphine n ¼ 6; SNI þ Saline/SNI þ Buprenorphine n ¼ 7/group). *** denotes p < 0.001, compared to the respective time points in sham-operated group; and ### denotes p < 0.001 for SNI þ buprenorphine group, compared to the respective time point in SNI þ saline group (two-way ANOVA with Bonferroni's post-hoc correction). Gray boxes in A and B denote vehicle/drug administration time points. Data for additional gait indices are shown in Supplementary Fig. S3 .
Nerve injury/neuropathy-induced gait changes in mice are not sensitive to known analgesics
We next investigated if changes in multiple gait indices in mouse hindpaws with nerve injury/neuropathy are indicative of pain conditions. We utilized analgesics that are known to attenuate pain behaviors in mouse models of neuropathy (Decosterd et al., 2004; Christoph et al., 2005) . Systemic administration of buprenorphine (25 mg/kg; i.p.) did not attenuate SNI-induced changes in ipsilateral hindpaw gait indices on post-operative day 11, such as stand duration, maximum/mean intensity at the point of maximal contact, print length, print width, print area, overall maximum/ mean intensity, swing duration and swing speed ( Fig. 2A, and  Supplementary Fig. S3 ). Buprenorphine administration in shamoperated animals did not alter any of the hindpaw gait indices ( Fig. 2A, and Supplementary Fig. S3 ), indicating no direct influence of buprenorphine on mouse gait at this concentration. Similarly, systemic administration of a non-opioid analgesic, gabapentin (30 mg/kg; i.p.) on post-operative day 11 failed to reverse SNIinduced changes in ipsilateral hindpaw gait indices as mentioned above, and in sham-operated animals it did not influence hindpaw gait indices (Fig. 3A , and Supplementary Fig. S4 ). Buprenorphine and gabapentin at these doses were able to completely attenuate SNI-induced mechanical hypersensitivity, as assessed by von Frey testing (Fig. 2B, and Fig. 3B ), verifying the anti-hyperalgesic effects of these drugs. These observations suggest that neuropathic injuryinduced alterations in gait indices in mouse hindpaws may not be a manifestation of pain-related behavior.
Mouse hindpaw inflammation lead to small and transient changes in gait
We next investigated if alteration in gait indices could be observed in mice with hindpaw inflammation, and the effects of a known analgesic on such gait changes (Fig. 4A) . Hindpaw injection of complete Freund's adjuvant (CFA; 10 mg in a final volume of 10 ml) was utilized as model of inflammatory pain (Larson et al., 1986; Shutov et al., 2016) . Given the comparatively minor extent of gait changes observed following CFA injection, we opted to increase the number of mice in each group from 6 to 8 (as with SNI) to 15 to obtain sufficient statistical power. CFA-injected mice exhibited transient changes in a number of gait indices, such as decreases in stand duration, maximum contact/print area, intensity at the point of peak of paw contact, and maximal and mean intensities over the entire stand phase in the ipsilateral hindpaws, compared to salineinjected animals (Fig. 4BeE , and Supplementary Fig. S5 ). Also, a Fig. 3 . Altered hindpaw gait indices in mice with neuropathy are not influenced by the analgesic gabapentin. (A) Systemic administration (i.p.) of gabapentin (30 mg/kg) did not significantly attenuate altered hindpaw gait indices in SNI mice. Mice were tested 1 h post saline/gabapentin administration. Data are plotted as the ratio of individual gait parameters in ipsilateral (right) vs contralateral (left) hindpaws; mean ± SEM (n ¼ 8 per group). ** denotes p < 0.01, *** denotes p < 0.001, and 'ns' denotes not significant, compared to the respective time points in sham-operated group; and 'ns' denotes not significant for SNI þ gabapentin group, compared to the respective time point in SNI þ saline group (twoway ANOVA with Bonferroni's post-hoc correction). (B) Administration of gabapentin (30 mg/kg; i.p.) led to complete attenuation of hindpaw mechanical hypersensitivity in SNI mice. Mice were tested 1.5 h post saline/gabapentin administration. Data are presented as mean ± SEM of area under the curve calculated from von Frey filament strength e paw withdrawal response frequency curves for each mouse hindpaw (n ¼ 8 per group). *** denotes p < 0.001, compared to the respective time points in sham-operated group; and ### denotes p < 0.001 for SNI þ gabapentin group, compared to the respective time point in SNI þ saline group (two-way ANOVA with Bonferroni's post-hoc correction). Gray boxes in A and B denote vehicle/drug administration time points. Data for additional gait indices are shown in Supplementary Fig. S4 . significant transient increase in the swing duration was observed in the ipsilateral hindpaws of CFA-injected mice, with a reciprocal decrease in swing speed (Fig. 4F, and Supplementary Fig. S5 ). Most of these changes in gait indices were observed 1e3 days post CFAinjection, which subsequently returned to the values observed for baseline and/or saline-injected conditions, and remained unaltered for the rest of the experimental duration (Fig. 4BeF , and Supplementary Fig. S5 ). Compared to SNI, CFA caused only minimal-to-moderate level changes in gait indices. We next utilized carprofen, an NSAID-type analgesic drug that is known to attenuate inflammatory pain-related hypersensitivity in mice (Adamson et al., 2010; Smeester et al., 2017) , in order to verify if CFA-induced changes in gait parameters are a manifestation of pain-like behaviors. Systemic administration of carprofen (5 mg/ kg; i.p.) 2 days post-CFA injection did not significantly attenuate CFA-induced changes in ipsilateral hindpaw gait indices, such as stand duration, maximum intensity at the point of maximal contact, maximum/mean overall intensity, swing duration and swing speed (Fig. 4BeF, and Supplementary Fig. S5 ). Carprofen administration in saline-injected animals did not alter any hindpaw gait indices (Fig. 4BeF, and Supplementary Fig. S5 ), indicating that it does not directly influence mouse gait at this dose. However, carprofen was able to completely attenuate CFA-induced heat and mechanical hypersensitivity of ipsilateral hindpaws, as assessed by Hargreaves' and von Frey testing (Fig. 5AeB) , verifying its known anti-hyperalgesic effects. These observations suggest that the alterations in gait indices in mouse hindpaws with inflammatory conditions also may not be a manifestation of pain-related behavior.
Voluntary avoidance of a potentially noxious stimulus represents a non-reflexive pain behavior in mice under neuropathic and inflammatory conditions
Since our in-depth analysis showed that nerve injury/neuropathy-and inflammation-induced alterations in mouse gait are unrelated to pain, we next explored other approaches to assess nonreflexive pain behaviors in mice. Therefore, we utilized a method for pain-related quantitative behavioral assessment, wherein mice with pain-producing pathologies are monitored for voluntary avoidance of a potentially unpleasant/painful stimulus, and to investigate if any such behavioral changes could be attenuated by drugs with proven anti-hyperalgesic activity. This method combines the assessment of innate avoidance to light in mice with potential mechanical pain-producing stimuli of varying magnitudes (LaBuda and Fuchs, 2000a; 2000b; Harte et al., 2016) , as explained in detail in the methods section. With increasing mechanical probe height (0e5 mm) in the conflict chamber (Chamber- , maximum contact area (C), print area (D), mean intensity (E) and swing duration (F). Systemic administration (i.p.) of carprofen (5 mg/kg) did not lead to any significant attenuation of altered hindpaw gait parameters in CFA-injected mice (B-F). Mice were tested 1 h post saline/carprofen administration. Data are plotted as the ratio of individual gait parameters in ipsilateral (right) vs contralateral (left) hindpaws; mean ± SEM (n ¼ 15 per group). * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001, and 'ns' denotes not significant, for CFA þ saline and CFA þ carprofen groups, compared to the respective time points in saline þ carprofen group (two-way ANOVA with Bonferroni's posthoc correction). Gray boxes in both panels denote vehicle/drug administration time points. Data for additional gait indices are shown in Supplementary Fig. S5. 2; Fig. 6A ), mice exhibit an increase in escape latency from the white-lit chamber (Chamber-1; Fig. 6A , and baseline values in Fig. 6B and C; Supplementary video 1) .
Supplementary video related to this article can be found at https://doi.org/10.1016/j.neuropharm.2017.11.036.
Hindpaw inflammation in mice with the injection of CFA significantly increased escape latency from the white-lit chamber at a probe height of 5 mm, as compared to mice with hindpaw saline injection (Fig. 6B) . Systemic administration of carprofen (5 mg/kg; i.p.) significantly attenuated this CFA-induced increase in escape latency from the white-lit chamber at a probe height of 5 mm (Fig. 6B ), suggesting such a delay is representative of painrelated behavior. Carprofen administration in mice that received hindpaw saline did not elicit any change in the escape latency from the white-lit chamber at all probe heights tested (Fig. 6B) .
We next investigated if a similar behavioral manifestation could also be observed in a mouse nerve injury model of experimental neuropathy. Mice that were subjected to SNI exhibited a significant increase in escape latency from the white-lit chamber at a probe height of 5 mm, as compared to sham surgery controls ( Fig. 6C ; Supplementary video 1). Systemic administration of buprenorphine (25 mg/kg; i.p.) significantly attenuated the SNIinduced increase in escape latency from the white-lit chamber at 5 mm probe height (Fig. 6C ). Furthermore, we tested separate cohorts of mice at 20 days post-sham/SNI surgery, without any prior assessment of MCA behaviors before surgery, and observed similar increases in escape latency from the white-lit chamber at 5 mm probe height in SNI mice, as compared to mice with sham surgery (Fig. 6D) . Also, such increases in escape latency in SNI mice were attenuated by systemic administration of gabapentin (30 mg/kg; i.p.; Fig. 6D ), suggesting that prior experience of the mechanical stimulus in the MCA assay is not a prerequisite for observing neuropathy-related behavioral changes. Administration of buprenorphine and gabapentin in sham-operated mice did not change escape latency from the white-lit chamber at all probe heights tested ( Fig. 6C and D) . From the same dataset, we also calculated the time taken for mice to cross the entirety of chamber 2 and enter into chamber 3, and saw no substantive differences in the data ( Supplementary Fig. S6 ). Collectively, these observations suggest that an increase in escape latency in MCA assays could represent a valid voluntary pain-related behavior in pre-clinical inflammatory and neuropathic models. . Hindpaw inflammation leads to prolonged heat and mechanical hypersensitivity in mice, which could be attenuated by carprofen. (A) Hindpaw injection of CFA (10 ml of a 1 mg/ml suspension) into mouse hindpaws led to sustained heat hypersensitivity in ipsilateral hindpaws for up to 6 days. Systemic administration (i.p.) of carprofen (5 mg/kg) led to complete attenuation of ipsilateral hindpaw heat hypersensitivity in CFA-injected mice. Mice were tested 1.5 h post saline/carprofen administration. Data are plotted as mean ± SEM of paw withdrawal latency in Hargreaves' test (n ¼ 7 per group). (B) The same cohort of mice showed the development of mechanical hypersensitivity in ipsilateral hindpaws for up to 6 days post-CFA injection. Systemic administration (i.p.) of carprofen (5 mg/kg) led to complete attenuation of ipsilateral hindpaw mechanical hypersensitivity in CFA-injected mice. Mice were tested 2 h post saline/carprofen administration. Data are plotted as mean ± SEM of area under the curve calculated from von Frey filament strength e paw withdrawal response frequency curves for each mouse hindpaw (n ¼ 7 per group). In both panels, * denotes p < 0.05, ** denotes p < 0.01 and *** denotes p < 0.001 for CFA þ saline and CFA þ carprofen groups, compared to the respective time points in saline þ carprofen group; and ### denotes p < 0.001 for CFA þ carprofen group, compared to the respective time point in CFA þ saline group (two-way ANOVA with Bonferroni's post-hoc correction). Gray boxes in both panels denote vehicle/drug administration time points.
Discussion
Development of efficacious new generation analgesics has been impeded by insufficient translatability of basic research findings on mechanisms of pain processing, as well as by the pre-clinical models used for recapitulation of human pain pathologies (Clark, 2016) . Historically, quantitative assessment of pain in rodents has mainly utilized measures of evoked and/or reflexive end points, such as tail-flick and hindpaw thermal stimuli, paw-withdrawal thresholds for mechanical forces, and limb guarding behavior in response to physico-chemical stimuli (Berge, 2011; Percie du Sert and Rice, 2014; Clark, 2016) While quick to perform, sensitive and exceptionally well-validated, it has been proposed that these measures are not correlated closely enough with behaviors observed in patients with either acute or chronic pain (Wright et al., 2004; Baron et al., 2010; Maier et al., 2010) .
Recent years have seen the development of novel assays of nonreflexive and un-evoked/ongoing pain behaviors in rodents, with Fig. 6 . Hindpaw inflammation and peripheral nerve injury augment avoidance in a mechanical conflict-avoidance test, which could be attenuated by known analgesic drugs. (A) Cartoon depicting the three-chamber mechanical conflict-avoidance test system, used as a non-reflexive, voluntary, pain-indicating behavioral assay in mice. (B) Hindpaw injection of CFA (10 ml of a 1 mg/ml suspension) into mouse hindpaws significantly increased the escape latency from the white-lit chamber compared to baseline, with a 5 mm probe height in the conflict chamber, tested at 4 days (4D) post-saline/CFA injection. Systemic administration (i.p.) of carprofen (10 mg/kg) significantly attenuated this CFA-induced increase in escape latency from the white-lit chamber, with a 5 mm probe height in the conflict chamber. Mice were tested 1.5 h post saline/carprofen administration on 4D. Data are plotted as mean ± SEM (with individual latencies in overlay) of escape latency from white-lit chamber with increasing height of mechanical probes in the conflict chamber (n ¼ 7 per group). (C) Compared to baseline, induction of spared nerve injury (SNI) significantly increased the escape latency from the white-lit chamber, with a 5 mm probe height in the conflict chamber, tested at 8 days (8D) post-sham/SNI surgery. Systemic administration (i.p.) of buprenorphine (25 mg/kg) significantly attenuated the increase in escape latency from the white-lit chamber, with a 5 mm probe height in the conflict chamber. Mice were tested 1.5 h post saline/buprenorphine administration on 8D. Data are plotted in the same format as panel B (Sham þ Buprenorphine n ¼ 6; SNI þ Saline/SNI þ Buprenorphine n ¼ 7/group). (D) In mice tested only at 20 days post-sham/SNI surgery, SNI induced an increase in the escape latency from the white-lit chamber, with a 5 mm probe height in the conflict chamber, an increase which could be reversed by systemic administration (i.p.) of gabapentin (30 mg/kg). Mice were tested 1.5 h post saline/gabapentin administration. Data are plotted in the same format as panels B and C (n ¼ 8 per group). In panels B-D, *** denotes p < 0.001, ## denotes p < 0.01, and ### denotes p < 0.001 for the indicated comparison groups (two-way ANOVA with Bonferroni's post-hoc correction).
the goal of improving the translation of preclinical findings into clinical practice (Barrot, 2012; Tappe-Theodor and Kuner, 2014) . Gait analysis represents one such option: prior studies have shown human gait changes with diabetic neuropathy (Katoulis et al., 1997) and plantar fasciitis (Wearing et al., 2003) . Our study shows the intensity and timeline of changes in several gait parameters in mouse models of neuropathic and inflammatory pain pathologies. Interestingly, none of these changes, which are more pronounced in neuropathic conditions, could be attenuated by known analgesic drugs, raising the possibility that gait changes observed in preclinical pain models are not attributable to altered pain sensitivity. We next utilized voluntary aversion to a potentially-painful stimulus in mice, which exhibit pronounced aversive behaviors under inflammatory and neuropathic conditions. Furthermore, such behaviors could be attenuated with the administration of known analgesic drugs, suggesting this voluntary behavior in mice could be used as an indicator of pain under pathological conditions.
Gait analysis revealed measurable changes in several gait indices in ipsilateral paws following nerve injury or inflammation, such as decreased stand duration and paw intensity/area, and increased swing duration. These changes are largely consistent with those shown in similar mouse neuropathic and inflammatory models in recent reports (Pitzer et al., 2016) . Interestingly, our data also indicate that these alterations in gait indices could not be reversed by well-established analgesics. This observation raises several possibilities; the alterations in gait parameters that we observe are not true 'antalgic' adaptations, but secondary, biomechanical effects of processes such as edema, denervation, and/or muscle atrophy, or perhaps pain-related changes are occurring in these models, but are undetectable by gait analysis. A number of reports have detailed gait alterations in rodents with reference to preclinical pain models, such as chronic constriction injury, spared nerve injury and osteoarthritis (Vrinten and Hamers, 2003; Ruan et al., 2013; Chiang et al., 2014; Sheahan et al., 2017) . However, when a known analgesic intervention is tested for its ability to reverse such gait changes, the results are mixed; spinal cord stimulation, morphine and gabapentin did not improve gait deficits associated with models of traumatic neuropathy, consistent with the current study (Truin et al., 2009; Mogil et al., 2010; Sheahan et al., 2017) , but gabapentin was shown to be effective in a chemotherapy-induced neuropathy model (Huehnchen et al., 2013) . Buprenorphine was not able to conclusively alter osteoarthritis-related changes in gait (Dorman et al., 2014) , but administration of the extracellular matrix component hyaluronan was able to reverse similar changes (Muramatsu et al., 2014) . Furthermore, the antioxidant compound curcumin normalized gait disturbances associated with the hindpaw incision model of postsurgical pain (Sahbaie et al., 2014) . Thus far, it appears that the efficacy of analgesics in gait-based measures is highly dependent upon the type of pain-inducing procedure, as well as the site, and perhaps the type of analgesic used. Clearly, our understanding of gait alterations in rodent models of inflammatory and neuropathic pain pathologies, and extensive pharmacological validation of such changes as an indicative of pain is still lacking.
Furthermore, studies utilizing knee-joint injection of carrageenan in rats and CFA in mice led to alterations in gait indices, such as decreases in stand duration and paw intensity/area, with an increase in swing duration, which could be attenuated by systemic administration of fentanyl (for carrageenan) and indomethacin (for CFA) (Vrinten and Hamers, 2003; Parvathy and Masocha, 2013) . In our study, CFA only led to transient and low-magnitude changes in these gait parameters (Fig. 4, and Supplementary Fig. S5 ), as has been reported recently (Pitzer et al., 2016; Sheahan et al., 2017) . Also, these changes were unaffected by the NSAID carprofen (Fig. 4, and Supplementary Fig. S5 ), suggesting these transient gait changes are not related to pain. Therefore, it could be argued that studies that invoke acute hypersensitivity in the plantar region, as opposed to the knee joint in rodents are less amenable to detect pain-related gait alterations, which may represent a problem for the large number of studies that rely upon intraplantar injection of algogenic agents. However, in mouse models of neuropathy, wherein the induction of nerve injury is proximal to hindpaw innervation, strong and sustained changes in the above-mentioned gait indices are observed (Fig. 1, and Supplementary Fig. S2 ( Huehnchen et al., 2013; Chiang et al., 2014; Pitzer et al., 2016; Sheahan et al., 2017) ;), which remain unaffected by analgesic drugs (Figs. 2e3, and Supplementary Figs. S3e4) .
Altered gait in humans with neuropathic and knee pathologies, such as osteoarthritis have been correlated with the magnitude of pain experienced (Divine and Hewett, 2005; Don et al., 2007) . In neuropathies, such as in Charcot-Marie-Tooth disease, increased stride duration and excessive plantar flexion during swing phase and exaggerated knee swing flexion have been observed. These changes are characteristic of so-called 'steppage' or 'equine' gait, and have been suggested to represent neuropathic gait abnormalities (Don et al., 2007) . In diabetic neuropathy patients, increased stance duration and plantar pressure have been reported (Fernando et al., 2013; Fernando et al., 2015) . However, in rodent models of experimental neuropathies, pronounced decreases in stand duration and paw print area (indicative of paw pressure) were observed. In knee osteoarthritis patients, increased stance duration, decreased stride duration, and elevated pressure load, along with reduced speed have been reported (Otsuki et al., 1999; Astephen et al., 2008) . In contrast, in human patients with hip osteoarthritis, opposite changes have been reported, such as decreases in stance duration and foot area, and an increase in stride duration (Cichy and Wilk, 2006) . It is important to note that gait analysis in humans is usually performed as a combinatorial analysis of kinematics and kinetics of walking and postural balance videos obtained from multiple focal points, such as in pelvis, hips, knee and ankle joints and feet, as well as electromyography and energy expenditure data (https://web.stanford.edu/class/engr110/2011/ Rose-07b.pdf). In rodents, gait has mostly been analyzed by paw print-related assays, either manually or digitally, which provides an assessment of paw-associated gait indices only. This could preclude the quantitative assessment of pain-related changes in specific gait indices in rodent pain models. Alternately, gait changes that are observed in humans with painful pathologies might not be recapitulated in rodent models, due to fundamental differences in bipedal vs quadrupedal gait characteristics. Therefore, gait changes in mouse painful pathologies must be interpreted with caution, and require validation using established analgesics.
A number of voluntary pain-related behavioral assays in rodents have been reported, notably, conditioned place preference, burrowing, ultrasonic vocalization, and wheel-running activity (Vrinten and Hamers, 2003; Li et al., 2004; Williams et al., 2008; King et al., 2009; Truin et al., 2009; Kurejova et al., 2010; Mogil et al., 2010; Andrews et al., 2012; Cobos et al., 2012; Huehnchen et al., 2013; Parvathy and Masocha, 2013; Ruan et al., 2013; Chiang et al., 2014; Muramatsu et al., 2014; Rutten et al., 2014; Sahbaie et al., 2014; Gould et al., 2016; Pitzer et al., 2016; Wodarski et al., 2016; Sheahan et al., 2017; Sugiyama et al., 2017) . Whilst a number of these assays measure pain-like behavior, the sensitivity of any one approach appears to be restricted to a subset of rodent pain pathological models only. Our study investigated a quantitative assay for voluntary pain-related behaviors in mouse neuropathic and inflammatory conditions.
The innate aversion to light in mice has been well documented and exploited in order to assess the extent of pain in rodents (LaBuda and Fuchs, 2000a; 2000b; Hascoet et al., 2001 ). In the mechanical conflict-avoidance (MCA) assay, this behavioral characteristic is combined with a mechanical sensory stimulus of varying strength to assess avoidance of a potentially pain-inducing stimulus, as a measure of pain-related behavior in mice. Our results suggest that mice with nerve injury/neuropathy show an increase in the latency to avoid light and experience mechanical stimulation, a change which could be reversed with systemic administration of low dose buprenorphine or gabapentin (Fig. 6C and D) . Similar results were recently reported in rats with chronic constriction nerve injury (Harte et al., 2016) . Furthermore, our study shows that inflammatory conditions in mice also led to similar changes in the MCA assay, which could be reversed with systemic administration of the NSAID carprofen (Fig. 6B) . Our results suggest that the MCA assay could be utilized as a valid operant assessment of pain behavior in mice. However, the validation of this assay in multiple rodent pathological pain models must be performed, along with appropriate analgesic interventions, in order to better establish MCA as a voluntary pain-related behavior assay in rodents.
Despite the well-founded drive to reduce analgesic development's reliance on reflexive assays of pain sensitivity, the use of such assays in rodents still has certain key strengths over unevoked assays. The greater simplicity of the neurological circuits involved in evoked painful behavior responses likely contributes to the reduced variability and increased sensitivity of these assays, when compared to non-reflexive assays. Coupled with this is the fact that, to the best of our knowledge, widely-used rodent models of pain hypersensitivity that change un-evoked behavioral outcomes almost invariably produce a change in evoked behavioral assessments. If development and evaluation of un-evoked behavioral assessments such as gait analysis and MCA is continued and is coupled with an ongoing effort to more carefully consider the clinical relevance of the methods of pain induction themselves, we should expect to see an improvement in the rate of translation of preclinical findings into the development of efficacious pain therapeutics. 
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